The initial growth stage of titanium nitride (TiN) deposited by reactive magnetron dc sputtering onto (111)-oriented Si substrates was investigated by using high-resolution transmission electron microscopy (HRTEM). During the initial growth stage, a continuous amorphous layer was observed when the deposited film was less than 1 nm thick. Crystal nucleation occurred from the amorphous layer when the film grew to about 2 nm thick. No preferred orientation was found for the initial crystal nuclei. The growth of the crystal grains depended on the N 2 partial pressure, P N2 . Increasing P N2 from 0.047 to 0.47 Pa enhanced lateral grain-growth and coalescence between grains. For P N2 = 0.47 Pa, planar grains with large lateral dimension were found formed by grain-growth and coalescence, inducing a (200) film orientation. For films formed at P N2 = 0.47 Pa, an amorphous interlayer 1.5-1.8 nm thick formed between TiN layer and Si substrate, and was indicated to be primarily SiN x by XPS and HRTEM. This interlayer was less than 0.5 nm thick in films formed at P N2 = 0.047 Pa.
I. INTRODUCTION
Titanium nitride (TiN) thin films are widely used for a variety of structural and electronic applications. Previous research on TiN thin films focused on the textural evolution of TiN films hundreds of nanometers thick, which have anisotropic properties (e.g., elasticity and diffusion resistance). For example, a strongly (111) textured TiN under-layer induces a strongly (111) textured Al upper-layer that has a longer electromigration life compared with other textured Al metal lines. [1] [2] [3] The textural evolution mechanisms have been explained from the viewpoints of thermodynamics and kinetics. [4] [5] [6] [7] [8] Recently, efforts were made to quantitatively model the homogeneous TiN growth process, such as two-dimensional island coarsening and decay processes on (111) or (200) single crystal TiN surfaces. [9] [10] [11] As the packing density of the ultra large-scale integrated (ULSI) devices increases and the characteristic feature size decreases to nanometer-size regime, the thickness of diffusion barriers (e.g., TiN and TaN) used for metal interconnect (e.g., Al and Cu) is expected to be reduced to less than 10 nm. 12 For such thin films, besides the film texture, factors such as grain-size and growth mode play even more important roles in film performances. For example, Patsalas et al 13 found that a quasi-2D growth on GaN results in a much lower TiN film resistivity compared with a 3D growth on Si, in the film thickness range of 4 ~ 14 nm. To control structural and material properties of such thin films, a detailed understanding of their initial growth mechanisms is needed.
However, except for the large volume of investigations on homogeneous TiN growth, little effort has been made to clarify the initial stage of the non-epitaxial heterogeneous growth of TiN. 8, 13, 14 which is important for designing film-growth processes for practical applications.
Transmission electron microscopy (TEM) is a direct and effective method to determine film morphology. In this work, high-resolution transmission electron microscopy (HRTEM) and nano-beam diffraction (NBD) techniques were used to investigate, in detail, the initial growth 4 stage of TiN on (111) Si, from sub-nanometer to nanometer-order thickness. To our surprise, the film was initially formed as a continuous amorphous layer. As the film grew, crystallization occurred from the amorphous layer with no preferred orientation. The grain-growth process was affected by the N 2 partial pressure, P N2 . Increasing P N2 enhanced the lateral grain growth and coalescence, resulting in a larger lateral grain-size and inducing restructuring of the grains to thermodynamically favored (200) orientation.
II. EXPERIMENT
TiN thin films were reactive sputter-deposited with a Ti target in an N 2 /Ar atmosphere by using a magnetron sputtering system equipped with dc and rf power sources. The system is described in detail elsewhere, 8 and only the main features are described here. The sputter chamber had a base pressure of 5×10 -6 Pa. The target was a 2-inch-diameter, 99.99% pure Ti disc. Before being loaded, the wafers were treated chemically in a mixture of concentrated sulphuric acid and H 2 O 2 , and then dipped into a 1% HF solution to remove the contaminants and the native SiO 2 layer on the surface. Before deposition onto substrates, the target was pre-sputtered for 5 min under the same conditions as for TiN deposition. TiN deposition was done without substrate heating. No bias voltage was applied to the substrates and the substrate self bias potentials induced from the plasma were -23.0 V at P N2 = 0.047 Pa and -29.3 V at P N2 = 0.47 Pa, respectively. The sputtering gases, N 2 and Ar, were controlled with independent mass-flow controllers, and mixed before they were introduced into the sputter chamber. The total pressure, P, in the sputtering chamber was maintained at P = 0.93 Pa and the total flow rate, F, was maintained at F = 20 sccm. The substrate-to-target distance was 50 mm, and the discharge power to the Ti target was dc 69 W. To avoid film oxidation in air and to immobilize the deposits on the surface against irradiation of the electron beam during observation by transmission electron microscopy (TEM), for samples used for TEM 5 observation a 10 nm SiO 2 layer was deposited immediately after TiN deposition.
To determine the deposition rates, the film thickness was measured with a stylus profilometer (KLA-Tencor P-10). The thickness of initial growth samples was calculated from the deposition rate and time, which we refer to in this paper as "l c ".
The texture of 50 nm thick films was evaluated with x-ray diffraction (XRD) (Rigaku RINT2400) by using CuKα radiation. The microstructure of nano-scale films was evaluated from both plan-view and cross-sectional HRTEM images, selected area electron diffraction (SAED) and NBD analysis by using an FETEM (JEOL, JEM2010F) operated at 200 kV. The film composition was determined with in situ Auger electron spectroscopy (AES). Ex-situ depth profiling of elemental composition for 20 nm thick TiN films was done by using x-ray photoelectron spectroscopy (XPS) (PHI 1600) with an Mg Kα source and a 3 keV argon-ion beam source for sputter etching.
III. EXPERIMENTAL RESULTS

A. Deposition conditions for investigating initial growth stage
We determined the deposition conditions needed to obtain stoichiometric TiN films with good crystallinity, by varying P N2 from 0.015 Pa ≤ P N2 ≤ 0.47 Pa. Increasing P N2 from 0.015 to 0.47 Pa caused the preferred orientation of the films to change from TiN (111) to TiN (200). 8 AES results indicate that the Ti/N ratio was 1:1 in this pressure range. We grew films at P N2 = 0.047 Pa (Condition I) and P N2 = 0.47 Pa (Condition II) (see Table I ) to investigate the initial growth stage. Under Conditions I and II the films had complete (111) and (200) preferred orientations, respectively, at film thickness of 50 nm. The growth rates were determined to be 0.19 and 0.063 nm/s under these two conditions (see Table I ). To further confirm the transition from amorphous to crystalline structures in the films, NBD measurements, made with a probe size of about 0.7 nm, were used to identify the crystal structure in the film. 
B. Formation of initial continuous amorphous layers and thickness-dependent crystal nucleation
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Then TiN X deposits are formed on Si surfaces with thin (< 0.5 nm) and thick (1.5-1.8 nm)
SiN X layers under Conditions I and II, respectively. When the film thickness is small, the contribution of deposit-surface interface to the overall Gibbs free energy of the film should be large. The interaction between TiN X deposits and amorphous SiN X may have hindered the crystallization of TiN X deposits.
As the film grows, the influence of the interfacial interaction weakens, and crystal nucleation can initiate at the upper surface of the film under the impact of the incident atoms/ions. The released crystal binding energy might promote further crystallization in the nanometer amorphous layer, and a transition from an amorphous to polycrystalline film occurs. To further understand this mechanism, studies of the deposition under various conditions, such as high substrate temperature or substrate biasing, are needed.
B. Grain growth process
Next, we discuss the reasons for the grains being relatively broad under Condition II, and the effects on film textural evolution.
During film deposition, the energy flux onto the film or substrate is contributed by the 
